The total cross section for the pp → ppπ 0 reaction at energies close to threshold is calculated within the frame of a chiral perturbation theory. The tree and one loop diagrams up to chiral order D = 2 contributions are taken into account. The L (0) isoscalar-scalar part of t-channel two-pion exchange loop diagrams enhances the production amplitude strongly. The calculated cross section scale and energy dependence are very close to data.
In two recent contributions [1, 2] , the cross section for the pp → ppπ 0 reaction at energies near threshold was calculated within the frame work of chiral perturbation theory (χPT).
Although χPT accounts for all effects such as offshellness, unitarity and spontaneously broken chiral symmetry, the calculations of Refs. [1, 2] underestimate the cross section data by a factor of 4-6. This stands in marked difference with the results from traditional oneboson exchange (OBE) model calculations, where contributions from heavy meson exchanges seem to resolve the discrepancy between predictions and data [3] [4] [5] .Particularly, by applying a covariant OBE model the production amplitude is found to be dominated by the exchange of a σ-meson, due to a strongly enhanced t-pole term [5] . It is the purpose of the present note to show that the failure of χPT calculations [1, 2] to reproduce data may not be due to limitations of theory but to inconsistencies in the way χPT was applied to this process and, that including loop contributions properly may resolve the discrepancy between predictions and data.
A meson production in NN collisions necessarily involves large momentum transfers and, it is expected that loop diagrams describing short interactions may play an important role.
The exchange of an effective isoscalar-scalar σ-meson simulates the exchange of two correlated pions and, to the extent a t-pole term dominates the process, there must exist equally important contributions from the isoscalar-scalar part of t-channel two-pion exchange loop diagrams. Clearly the existing χPT formalism [6] , [7] , [8] already accounts for such contributions and there is no need to introduce them externally. Basically, for the same reasons the low energy χPT coupling constants encode only resonance meson exchanges which describe short range interactions of the Goldstone bosons and nucleons.
A prominent feature of a production process is that the transferred four momentum q 2 is space like and rather large. At threshold q 2 = −Mm, where M and m are the masses of the nucleon and the meson produced. This has two important consequences. The first is that off mass-shell effects must be calculated exactly [1, 2] because these may enhance strongly the contributions from diagrams involving large momentum transfer. In practice, for the pp → ppπ 0 reaction, the amplitude corresponding to one-pion exchange including one-loop contributions, hereafter to be noted by T (π 0 p → π 0 p), becomes large due to offshellness. The second consequence is concerned with the χPT expansion convergence. The χPT expansion parameter is q/M ∼ q/(4πF ). For low momentum transfer processes, q ≤ m the expansion parameter is small and contributions from loop diagrams are rather small so that their overall contributions to the transition amplitude is also small. For the pp → ppπ 0 reaction, however, the expansion parameter is relatively large [2] , of the order ∼ m/M, and each of the Born, rescattering and one-loop diagrams terms is of the same order of magnitude, i.e., m/M.
Therefore, for the sake of consistency all three contributions must be taken into account.
Formally, the chiral order D=1 Lagrangian coupling constants, c 1 , c 2 , c 3 , are determined from πN elastic scattering data analysis which accounts for one-loop contributions, and using these constants to calculate the cross section for the pp → ppπ 0 reaction would also require that these diagrams should not be neglected.
We follow Refs. [5, 9, 10] and write the transition operator for a production process, NN → NNB, in the form,T
is the primary production operator which describes the transition from a twonucleon state to a three-body state of two nucleon and a boson B, andẐ 33 andX 22 are operators accounting for final state interactions (FSI) and initial state interactions (ISI) corrections, respectively. TheM
23 contains all possible inelastic interactions whileẐ 33 and X 22 involve elastic interactions only between particles in the exit and entrance channels.
From a diagrammatic point of view, the operatorM
23 is the sum of all connected diagrams that begin with the two initial lines and end with the three final particle lines. The correction termsẐ 33 andX 22 are the sum of all diagrams (both connected and disconnected) that can be formed from elastic scattering blocks. It is to be noted that whileM
involves large momentum transfer (q 2 ∼ −Mm) the ISI and FSI correction factors involve small momentum transfers only. Accordingly,it is not possible to separate from the diagrams contributing tô
23 , sub-diagrams which involve initial or final particle elastic scattering only.
There exist, the so called reducible diagrams in the Weinberg's sense [11] , with nucleons almost on the mass shell. These diagrams split into irreducible sub-diagrams by cutting such nucleon lines. Cohen et al. [2] apply a revised notion of irreducibility, where a sub-diagram is irreducible i it includes a small energy denominator ∼ m 2 and irreducible otherwise.
The reducible diagrams can be used to generate, by iterations, initial and final states wave functions. The χPT amplitude can then be derived as an overlap integral of these functions and the irreducible termM Now we turn to calculate the transition amplitude for the pp → ppπ 0 reaction. We use the χPT pion-nucleon sector heavy-fermion formalism (HFF) Lagrangian of the form,
where,
and
Here π and N are the pion and nucleon fields, v µ is the nucleon four velocity, (v∂) = v µ ∂ µ and, and Cohen et al. [2] . The two graphs 1c and 1d which correspond to two-pion t-channel exchange having isoscalar-scalar quantum numbers, yield a substantial contribution to the amplitude. This is an analogous contribution to that from the t-pole σ-meson exchange (Fig. 2d and its cross counterpart) of the OBE model of Ref. [5] . Albeit, the sum of graphs 1a-1d is equivalent to the off mass-shell (Fig. 2a) .
The other graphs 1e and 1f are contributions specific to the production process only and can not be reduced to one-pion exchanges. In The sum of all contributions from the graphs of Fig. 1 can now be written as,
S .
where σ denote the usual Pauli matrices, F and g A are the pion radiative decay and axial vector coupling constants. The quantities M
(1)
L denote one-pion exchange pole, rescattering and one-loop contributions, and M
L and M
S are contributions from graphs 2e and 2f. In Eqns.6-11, p = (E = M + p 2 /2M, p) and k = ( m 2 + k 2 /2M, k) stand for the center of mass (CM) four momenta of the incoming proton and pion produced; 
In the calculations to be presented below the values of constants and masses are taken to be: F = 93.MeV , m = 135MeV , M = 938MeV and g A = 1.26. There remains only one unknown constant, d 1 of Eqn. 5, to be determined. To do this we follow a similar procedure to that used in Refs. [8, 2] , i.e, assuming that the short-range interactions originate from ρ and ω vector meson exchanges only, and calculate these applying the covariant OBE model of Ref. [5] . This procedure yields,
Here m ρ = 770MeV , m ω = 782MeV are the masses of the ρ and ω mesons, f πN N the πNN pseudovector coupling constants, g ρN N and g ωN N the ρNN and ωNN vector coupling constants and κ is the ratio of tensor to vector ρNN coupling constants. Their values are taken from Machleidt et al. [12] .
Before presenting numerical results we make two remarks. The first is that the π 0 p → π 0 p elastic scattering amplitude is enhanced significantly because of offshellness and that the one-loop term M 
L , although cancels in part by the M
P term, can still make an important contribution to the M (in) (pp → ppπ 0 ). The second remark is concerned with the large momentum transfer through one-loop diagrams. At least one of the pion lines in a loop must have a large momentum ( ∼ √ Mm
) and therefore, this loop represents a mechanism which takes place over short distances.
Since the loop terms dominate the production amplitude, then the pp → ppπ 0 reaction occurs mainly over short distances in full agreement with the results from OBE calculations [5] . In fact there is a close correspondence between the different χPT contributions and those of the OBE model. First, the overall contributions from the impulse and rescattering terms (diagrams 1a and 1b) is rather small [1, 2] as suggested by OBE model [5] for the diagram 2a. Secondly, the main contribution to the production amplitude is due to the diagrams 1c and 1d which are the equivalent to contribution from diagram 2d. Thirdly, the contribution of the graph 2c and its cross diagram to the OBE model production amplitude are as negligibly small as the corresponding one-loop χPT diagrams (not shown in Fig. 1 ).
However, the OBE model calculations [5] do not account for the short range part of the σp → π 0 p amplitude corresponding to the contribution of diagram 1e.
Our predictions for the cross section are presented in Figs. 3-4 along with the data of Refs. [13, 14] . All curves are corrected for FSI following the procedure described in Ref. [5] .
The dash-dotted curve displays our results with all of the terms of Eqn. 6 included and agrees rather well with the results of our OBE model calculations [5] (given by the solid line). The curve χPT2 gives the predictions without the short-range interaction term M included. The curve χPT1 represents the results of Cohen et al. [2] . Our OBE model predictions [5] are drawn as a solid curve. The data points are taken from Refs. [13, 14] . 
